Abstract: Optical networks-on-chips (ONoCs) are burgeoning structures of communication that can give a solution to the bandwidth and latency for multiprocessor systems-onchips. Furthermore, photonic devices are widely used in ONoCs but suffer from crosstalk noise. Therefore, crosstalk noise is the critical factor that affects signal transmission and limits the network scale of ONoCs. To reduce the crosstalk noise sharply, an angle optimization that uses the cross angle of 60 or 120 instead of the conventional angle of 90 is proposed to optimize the Crux router. Furthermore, we present a signal transmission system simulation model for the mesh-based ONoC. For different routers applied to the mesh-based ONoC, the simulation model can present the time-domain waveform, eye diagram, and bit-error-rate (BER) curve clearly. On the basis of the analytical model, the results show that the minimum signal-to-noise ratio (SNR) of a 7 Â 7 mesh-based ONoC is 20.9 dB when using optimized Crux routers, and the injection power is equal to 0 dBm, which is 2.1 dB better than using Crux routers. Therefore, the application of angle optimization to the Crux router and mesh network can minimize crosstalk noise and improve the scalability of mesh-based ONoCs.
Introduction
Compared to traditional electronic networks-on-chip (ENoC), optical networks-on-chip (ONoC) exhibit many advantages, such as higher bandwidth, lower power loss, and lower latency [1] . The use of a silicon-based ONoC instead of an ENoC has been proposed and become the main trend, and it has potential applications in multiprocessor systems and big data centers [2] - [4] . Currently, ONoCs have attracted much attention from many groups worldwide. Previous studies have mainly focused on the floor plan, the routing protocol, power consumption, devices, and network structure of the ONoC [5] - [9] . For ONoCs, the most important function is the provision of a reliable mechanism that supports transmitting information.
However, the crosstalk noise in silicon-based ONoCs is a critical issue and is an intrinsic characteristic of photonic devices [10] . Crosstalk noise originates from the undesirable coupling between optical signals. The accumulation of crosstalk noise in networks will reduce the performance of ONoCs, especially the optical signal-to-noise ratio (OSNR) [11] . To analyze the effect of crosstalk noise, some efforts have been made by many research teams. The analytical models for transmission loss, crosstalk noise, and minimum OSNR in mesh-based ONoC have been presented in [12] - [15] . According to the simulation and analysis, it is obvious that crosstalk noise significantly limits the performance and scalability of ONoCs.
In addition, the change in the OSNR will directly affect the BER, which is also an important performance metric in communication systems as well as ONoCs. Generally, the BER is required to be lower than 10 À9 in this study to ensure reliable data transmission. To achieve a BER of 10 À9 , the maximum size of the mesh-based ONoC is 7 Â 7 when using Crux optical routers. In order to reduce the crosstalk noise further, a cross angle of 60 or 120 is used instead of the conventional angle of 90 [16] , [17] to optimize the Crux optical router. And applying the optimized routers to mesh network, the maximum size of the mesh-based ONoCs reaches to 8 Â 8, as we expect.
Previous researches have demonstrated that crosstalk is a very important cause of considerable performance degradation and network scalability constraints. However, we have noted that few efforts are paid on performance optimization in ONoC. In this paper, the novel method which is an optimum crossing of 60 or 120 instead of the conventional crossing fixed at 90 is used to optimize the performance of mesh-based ONoC.
The rest of this paper is organized as follows. Section 2 introduces the crosstalk noise for basic optical switching elements and describes the general five-port optical router model in detail. In addition, we describe a theoretical analysis of the OSNR and BER at the network level by applying three different routers to mesh-based ONoCs. In Section 3, we construct the transmission system simulation model and apply the method of angle optimization to the mesh network. Moreover, a comparative analysis of the performance of mesh-based ONoCs using crossbar, Crux, and OC routers is presented. Finally, we present our conclusions and plans for future work in Section 4.
Theoretical Analysis
In ONoCs, which contain a large number of optical routers and silicon-based waveguides, crosstalk noise is inevitably introduced because of the characteristics of the photonic device itself during signal transmission. Thus, it is essential to analyze the influence due to crosstalk noise in the path-setup optical link.
Crosstalk in Optical Switching Elements
Waveguides and microresonators are the basic building blocks of an optical router. They form three basic optical devices: a waveguide crossing [see Fig. 1 The basic switching elements can be changed from the ON state to the OFF state according to the voltage applied to the microresonators [18] . When the switching elements are in the OFF state, the input optical signal with a wavelength s ¼ off will propagate from the Input port to the Through (T) port [see Fig. 1(b) and (d) ]. Further, the optical signal with a wavelength s ¼ on will be coupled to the microresonators and then directed to the Drop port when the switching elements are in the ON state [see Fig. 1 (c) and (e)]. When a waveguide bends, it will incur a bending loss, L b . More importantly, crosstalk noise will be generated when the two optical waveguides meet.
The equations related to Fig. 1 are as follows [17] . P I is assumed to be the input optical power. For a waveguide crossing, the relationship between the output powers in the Out1, Out 2, and Out 3 ports can be expressed as follows:
where L C is the power loss per crossing, and the output powers at the Out 1, Out 2, and Out 3 ports are P O1 , P O2 , and P O3 , respectively. K 11 and K 12 are the crosstalk coefficients per crossing. When the cross angle ðÞ is 90 , K 11 ¼ K 12 . For a PSE in the OFF state, the output power at Trough and Drop ports can be written as follows:
For a PSE in the ON state, the output power can be expressed as follows:
For a CSE in the OFF state, the output power at the Trough, Drop, and Add ports can be expressed as follows:
For a CSE in the ON state, the output power can be expressed as follows:
In the above equations, P Tx , P Dx , and P Ax are the output powers of the Through, Drop, and Add ports, respectively. L P1 is the power loss, and K 2 is the crosstalk coefficient when a PSE is in the OFF state. When a PSE is in the ON state, L P2 is the power loss, and K 3 is the crosstalk coefficient. Similarly, L C1 is the power loss when a CSE is in the OFF state, and L C2 is the power loss when a CSE is in the ON state. A CSE can be regarded as a combination of a PSE and a waveguide crossing. Therefore, the crosstalk coefficients of a CSE in the OFF or ON states can be computed by Eqs. (1a)-(1c). The detailed data and corresponding parameters for these equations are also given. The power loss and crosstalk coefficient parameters of the basic optical switching elements used in the optical router are summarized in Tables 1 and 2 [19] , [20] . From these tables, we can easily observe that the crossing crosstalk coefficients for 60 or 120 are much smaller than that for 90 . This is the reason why we choose a cross angle of 60 or 120 to substitute for the traditional angle of 90
. On the basis of these values, we can calculate the SNR and BER of meshbased ONoCs.
Crosstalk in Optical Routers
A general optical router model has been proposed to analyze the crosstalk noise and OSNR at the router and network levels for ONoCs [21] . The general model is based on the five-port optical router shown in Fig. 2 . According to the model, basic optical switching elements are used to design optical routers with different structures. An optical router consists of two subsystems; one is the switching fabric, which is built from basic elements, as shown in Fig. 1 , and the other is the control unit, which uses electrical signals to configure the switching fabric.
In for the output port, where i ¼ 0; 1; 2; 3; and 4 for the in/ejection, north, east, south, and west ports, respectively. The in/ejection port is used as the input/output port of the control signal. According to the general model, crossbar and Crux optical routers [see Fig. 3 (a) and (b)] have been proposed in the last few years [9] , [12] . In contrast, an Optimized Crux (OC) router [see Fig. 3(c) ] is proposed in this paper, which takes advantage of the cross angles of 60 and 120 instead of the conventional angle of 90 in order to reduce crosstalk noise. The analysis of crosstalk noise at the device and router levels provides a basis for the next network-level analysis. 
SNR and BER of Mesh-Based ONoCs
A mesh-based ONoC consists of processor cores and optical routers that are connected to each other through a mesh topology. In a mesh-based ONoC, each router is connected to four neighboring routers by input/output channels. As each router in network suffers from crosstalk, crosstalk noise becomes the most important parameter in an ONoC. Moreover, the basic function of an ONoC is to transmit information as accurately as possible such that the SNR becomes a standard to measure the communication quality of mesh-based ONoCs.
When a signal is transferred from a source node to a destination node, the X-Y order routing algorithm would be applied to the mesh network. In previous research, we know that the minimum SNR link in the mesh-based ONoC should be one of the first, second, or third longest optical links. The minimum SNR links of mesh-based ONoCs are different when different routers used because each router has its corresponding crosstalk noise and insertion loss [12] . On the basis of this analysis, we find that the minimum SNR links in an ONoC using crossbar, Crux, and OC routers are from processor core (2, 1) to ðM; N À 1Þ [see Fig. 4(a) ], processor core ð1; NÞ toðM; 2Þ [see Fig. 4(b) ], and processor core ð1; NÞ to ðM; 1Þ [see Fig. 4(c) ], respectively In the minimum SNR links, the insertion loss L R;X ;Y of an optical router in mesh-based ONoCs can be calculated on the basis of the (1) and Fig. 3 , where X , Y , and R represent the X coordinate, Y coordinate, and optical router, respectively. Further, the insertion losses experienced by the minimum SNR links can be expressed in (2)-(4) according to the Fig. 4 . In the equations, a, b, and c denote crossbar, Crux, and OC routers, respectively
Crosstalk noise will be introduced at the junctions of the optical signals on the minimum SNR links with other links through optical routers. The crosstalk noise of different routers in a meshbased ONoC can be expressed in (5)-(10). For example, N a;X ;j is the power of the crosstalk noise introduced at crossbar router j at the X coordinate section of the minimum SNR link. P in is the optical input power at the injection port in all equations. By summing the crosstalk noise from each router, the total crosstalk noise on the links can be calculated.
In optical communication systems, the OSNR is defined as the ratio of the signal power to the noise power corrupting the signal. On the basis of the above equations, the minimum SNR of mesh-based ONoCs with M Â N optical routers can be calculated by which show the minimum SNRs of ONoCs using crossbar, Crux, and OC routers, respectively. The OSNR as well as the BER is used as performance metrics of the optical communication system. In addition, the non-return-to-zero (NRZ) format is used in ONoCs. In other words, the ONoC is an ON-OFF keying (OOK) system. Therefore, the average BER is defined in (14) . Here, we introduce the function efrcðÞ ¼ 1 À efrðÞ. According to (14) , shown below, the maximum BER of mesh-based ONoCs can be calculated [22] BER
For further analysis of the optical-signal transmission in the network, we apply the mathematical probability to simulate crosstalk noise in ONoCs. The crosstalk noise is introduced at the junctions of the optical signals on the minimum SNR links with other links, which can be expressed as follows:
Considering that is very small (less than 10 À3 ), we can assume that it is a constant value. Thus, (15) , shown below, is simplified as follows:
On the basis of (15) and (16), the probability of N 0 ¼ k can be easily calculated as follows:
Eventually, the mixed signal arrives at the destination processor core. Because the probability of random noise obeys a binomial distribution, the OSNR of a mesh-based ONoC can be computed by (18) , shown below. The BER can also be derived as (19) , shown below, according to (14) - (18) . Furthermore, we can make full use of these equations associated with the mathematical probability to rebuild the mesh-based ONoC in the next section
Results and Discussions
In this part, we explore the relationship among the net-work size, crosstalk noise, OSNR, and BER in mesh-based ONoCs when crossbar, Crux, and OC routers are used. Fig. 5 shows the power of the worst-case optical signal and the crosstalk noise on the minimum SNR links in mesh-based ONoCs using crossbar, Crux, and OC routers. It is obvious that the optical signal power decreases quickly, and the noise power increases slowly as the network size increases. This is because the optical signal and crosstalk noise have been weakened along with the insertion loss. When the size of an ONoC reaches a certain value, the optical signal power is smaller than the crosstalk noise power. Using Fig. 5(a) as an example, when the ONoC size is 7 Â 7 and P in ¼ 0 dBm, the signal power is À34.12 dBm, and the noise power is À33.76 dBm. Compared with the crossbar router, the ONoCs using the Crux and OC routers have higher signal powers and noise, as shown in Fig. 5(b) and (c). For instance, when the size is 7 Â 7, and the input power is 0 dBm, the average signal power and noise power are À16.58 dBm and À34.05 dBm, respectively. Although the crosstalk noise is almost the same, the optical signal power in the ONoC using the Crux and OC routers is 17.54 dBm higher than that using the crossbar router. This is due to the small insertion loss when the Crux or OC routers are used in mesh-based ONoCs.
In this section, we analyzed the signal and crosstalk noise powers in mesh-based ONoC using numerical simulations. In order to explore the analysis at the system level, we present a signal transmission model to simulate the communication system of ONoCs using three kinds of router when the network size is 7 Â 7. The simulation model can show the time-domain waveform, eye diagram, and BER curve clearly.
In order to build a real transmission system, the crosstalk noise should be simulated by crossing multiple signals. The optical signal is set to a pseudo random binary sequence (PRBS) train at 1550 nm with a 10 dBm power; its waveform and eye diagram are shown in Fig. 6(a) . The signal mixed with noise is received at the end of the transmission network. Fig. 6(b)-(d) show the waveforms and eye diagrams received in 7 Â 7 mesh-based ONoCs using crossbar, Crux, and OC routers, respectively. From the waveforms, it is clear that the Crux and OC routers have good noise immunity performance compared to the crossbar router. Considering the eye diagrams shown in the right part of Fig. 6 , the communication quality of mesh-based ONoCs can be represented precisely. The eye diagrams of the signals received in 7 Â 7 mesh-based ONoCs using Crux and OC routers exhibit better eye opening than that of the crossbar router. Furthermore, we could also obtain the value of the maximum Q-factor according to the eye diagram. The maximum Q-factors of 7 Â 7 mesh-based ONoCs using the Crux and OC routers are approximately 14 and 15, which are far better than that using the crossbar router. On the basis of this analysis, the Crux and OC routers can greatly improve the SNR and maximum Q-factor performance of mesh-based ONoCs. Fig. 7 shows the BER curve of 7 Â 7 mesh-based ONoCs using crossbar, Crux, and OC routers. We find that the BER increases as the optical attenuation increases because other noise is introduced into the system simulation, such as intrinsic laser noise and modulation Fig. 7 . BER curve of the 7 Â 7 mesh-based ONoCs using crossbar, Crux, and OC routers. noise. On the basis of the system simulation, the performance of a mesh-based ONoC can be improved if the crosstalk noise and signal power loss are reduced appropriately.
The minimum SNRs and maximum BERs in M Â N mesh-based ONoCs using crossbar, Crux, and OC routers are shown in Fig. 8 . It is obvious that the minimum SNRs of all three routers decrease as the network size increases in Fig. 8(a) . However, the SNRs of the networks using the Crux and OC routers are always higher than that using the crossbar router. We also observe that the SNR in the network using the OC router is the largest, assuming that the network size is not large enough. For example, for a 7 Â 7 network, the SNR of a mesh-based ONoC using the OC router is 20.9 dB, which is 2.1 dB better than that using Crux router. This trend continues until the scale of the network reaches 13 Â 13. In order to further analyze the communication quality, we transform the SNR to the BER based on (14) . Fig. 8(b) shows the maximum BER of M Â N ONoCs using crossbar, Crux, and OC routers. As the network size increases, the maximum BER also increases. To achieve a BER of 10 À9 for reliable transmission, the size of ONoCs using the crossbar router is not larger than 4 Â 4, whereas the Crux router can be increased to 7 Â 7, and the OC router can reach 8 Â 8 (see Fig. 9 ). Therefore, the OC router is the best choice for designing mesh-based ONoCs, followed by the Crux router, and, finally, the crossbar router.
Conclusion
Crosstalk noise is an intrinsic characteristic of photonic devices. Although it is very small at the device level, the analysis shows that the accumulated crosstalk noise could impact the OSNR and BER of ONoCs at the network level. On the basis of the transmission system simulation model proposed in this paper, we use a cross angle of 60 or 120 instead of the conventional angle of 90 for the first time to optimize the Crux optical router and mesh network in ONoCs. The simulation results indicate that the minimum SNR and maximum BER in M Â N meshbased ONoCs using the OC router are better than those using the Crux and crossbar routers to some extent. However, we find that the method of angle optimization cannot satisfy the requirements of a large-scale network. Eventually, other router optimization solutions that can improve the performance of mesh-based ONoCs will be found.
